INTRODUCTION
============

Hydatid cyst (cystic echinococcosis, CE), a parasitic infection caused by the larval stage of dog tapeworm *Echinococcus granulosus*, has been identified as a major public health and economic problem in developing countries, including Iran \[[@B1]\]. The dog is the definitive host, where adult tapeworms attached to the intestinal epithelium, and humans as well as domestic livestock can be the intermediate host, where the worms form hydatid cysts in various organs \[[@B2]\]. At present, surgery remains the preferred treatment for particular WHO stage disease. In addition, chemotherapy with benzimidazoles and PAIR (puncture, aspiration, injection, and reaspiration) are recommended as alternative treatments to surgery, especially for the patients who cannot tolerate surgery \[[@B3],[@B4]\]. Furthermore, to reduce the risk of intraoperative spillage of the cyst contents (protoscolices) and subsequently recurrence of CE and secondary infection, which is observed in nearly 10% of the postoperative cases, the use of effective scolicidal agents are essential \[[@B5],[@B6]\].

Various chemical scolicidal agents such as hypertonic saline, Ag-nitrate, cetrimide, and ethanol have been used for inactivation of protoscolices during surgery, but most of them are associated with adverse side effects such as sclerosane cholangititis (biliary tract fibrosis), liver necrosis, and methemoglobinemia \[[@B7],[@B8]\]. Thus, a rapid and complete scolicidal effect with no local or systemic side effects and also low cost are some properties of an ideal scolicidal solution for hydatid cyst surgery \[[@B9]\]. Since last centuries, plant extracts and plant-derived compounds due to having less side effects, low cost, and high availability are a successful approach to treat a wide range of diseases, such as infectious diseases.

*Nigella sativa* L. (family Ranunculaceae) is commonly known as black seed grown in the Middle East, Eastern Europe, and Western and Middle Asia which is traditionally used as a natural treatment for a number of diseases and conditions, including asthma, hypertension, diabetes, inflammation, cough, bronchitis, headache, eczema, fever, dizziness, and influenza \[[@B10]\]. Various pharmacological effects such as antioxidant, anti-inflammatory, anticancer, antimicrobial have been related to *N. sativa* or its active principles which include thymoquinone, carvacrol, ρ-cymene, and thymol \[[@B10],[@B11],[@B12]\]. Moreover, in various studies, antibacterial, antifungal, antiviral, and antiparasitic effects of *N. sativa* and its derivatives have been demonstrated \[[@B13],[@B14],[@B15],[@B16]\]. The aim of the present study was to determine the scolicidal effects of essential oil of *N. sativa* and also its active principle, thymoquinone, against protoscolices of hydatid cysts using in vitro model.

MATERIALS AND METHODS
=====================

Collection of plant materials
-----------------------------

The seeds of *N. sativa* were collected from rural regions of Bam district of Kerman province, Iran in September 2012. The identity was confirmed by a botanist at the Botany Department of Shahid Bahonar University, Kerman, Iran. A voucher specimen of the plant material was deposited at the Herbarium of Department of Pharmacognosy of School of Pharmacy, Kerman University of Medical Science, Kerman, Iran (KF575).

Isolation of the essential oil
------------------------------

Crushed seeds were extracted with light petroleum (BP 40°-60℃) using a Soxhlet apparatus. The solvent was removed under vacuum and the brownish residue was steam distilled. Extraction of the aqueous distillate with n-hexane and removal of the solvent gave the essential oil. The essential oil was stored in sealed vials at 2-8℃ until testing.

Gas chromatography (GC)/mass spectrometry (MS) analysis of essential oil
------------------------------------------------------------------------

GC analysis; GC analysis was carried out by a Hewlett-Packard 6890 (Palo Alto, California, USA) with a HP-5MS column (30 m×0.25 mm, film thickness 0.25 mm). The column temperature was maintained at 60℃ for 3 min and programmed to 220℃ at a rate of 5℃ per min, and kept constant at 220℃ for 5 min. Injector and interface temperatures were 220℃ and 250℃, respectively. The flow rate of helium as the carrier gas was (1 ml/min C.F). The percentages were calculated by electronic integration of FID peak areas without the use of response factors correction. Linear retention indices for all components were determined by coinjection of the samples with a solution containing homologous series of C8-C22 n-alkanes.

GC/MS analysis; GC/MS analysis was performed using a Thermoquest-Finnigan gas chromatograph (Austin, Texas, USA) equipped with fused silica capillary DB-5 column (30 m×0.25 mm, film thickness 0.25 mm) coupled with a TRACE mass (Manchester, UK). Helium was used as the carrier gas with ionization voltage of 70 eV. Ion source and interface temperatures were 220℃ and 250℃, respectively. Mass range was from 40 to 400 u. Oven temperature program was the same given above for the GC.

Identification of the essential oil components
----------------------------------------------

The components of the essential oil were identified by comparison of their relative retention time and mass spectra with those of standards Wiley 2001 library data of the GC/MS system or with those reported in the literature \[[@B17]\].

Preparation of thymoquinone
---------------------------

Thymoquinone was obtained from Sigma-Aldrich (St. Louis, Missouri, USA), dissolved in the dimethyl sulfoxide (DMSO). Final concentration of DMSO never exceeded 1% either in control or in treated samples.

Drug dilutions
--------------

Two hundred mg of thymoquinone dissolved in 4 ml of DMSO and serial dilutions were subsequently made to obtain thymoquinone at concentrations of 0.125, 0.25, 0.5, and 1.0 mg/ml. For the preparation of dilutions of *N. sativa* essential oil, 0.1 ml of the essential oil was dissolved in 9.7 ml of normal saline. In addition, to enhance the dispersal of the essential oil in normal saline, 0.3 ml of Tween 20 (Sigma-Aldrich) was added to the test tube. The resulting solution was mixed adequately by a magnetic stirrer. Serial dilution was then made to obtain the essential oil at 0.01, 0.1, 1.0, and 10 mg/ml. The selection of dilutions of the thymoquinone and the essential oil of *N. sativa* was based on initial experiments, which also showed that DMSO below 1.5% had no effect on the growth of protoscolices. In the present investigation, the concentration of DMSO in various dilutions was 1% and below.

Collection of protoscolices
---------------------------

In this study, the protoscolices of *E. granulosus* were obtained from livers of naturally infected sheep and goats slaughtered at Kerman abattoir, southeastern Iran and carried to the Parasitology Laboratory at the Department of Parasitology and Mycology, Kerman University of Medical Sciences, Kerman, Iran. The hydatid fluid aspirated by a 20 ml syringe and aseptically transferred into a flask was left to set for 30 min for protoscolices to settle down. The supernatant was discarded and the protoscolices were washed 2 times with PBS (pH 7.2) solution. The number of protoscolices per ml was adjusted as 2×10^3^ protoscolices in 0.9% NaCl solution with at least 90% viability rate. The viability of the protoscolices was confirmed by their flame cell motility and impermeability to 0.1% eosin solution under a light microscope.

Effects on protoscolices
------------------------

In order to evaluate the scolicidal effects of *N. sativa* essential oil and its main component, thymoquinone, against protoscolices of hydatid cysts, various concentrations of the essential oil and thymoquinone were used for 5, 10, 20, 30, and 60 min. At first, 0.5 ml of the protoscolices (2×10^3^/ml) solution was placed in test tubes. Then, 0.5 ml of various concentrations of the essential oil and thymoquinone were added to each test tube. The contents of the tubes were gently mixed and then incubated at 37℃ for 5, 10, 20, 30, and 60 min. At the end of each incubation time, the upper phase was carefully removed so as not to interrupt the protoscolices. 50 µl of 0.1% eosin stain (Sigma-Aldrich) was then added to the remaining settled protoscolices and mixed gently. The upper portion of the solution was discarded after 10 min of incubation. The remaining pellet of protoscolices was then smeared on a glass slide, covered with a cover glass, and examined under a light microscope. The percentages of dead protoscolices were determined by counting 300 protoscolices \[[@B18]\]. In addition, normal saline containing Tween 20 and 20% hypertonic saline were used as control groups.

Viability test
--------------

Eosin exclusion test was used to investigate the viability of protoscolices \[[@B19]\]. Eosin solution with a concentration of 0.1% (1 g of eosin powder in 1,000 ml distilled water) was used. After exposure to the stain, live protoscolices remained colorless and showed characteristic muscular movements and flame cell activity ([Fig. 1](#F1){ref-type="fig"}), whereas dead protoscolices absorbed eosin and colored red ([Fig. 2](#F2){ref-type="fig"}).

Statistical analysis
--------------------

All the tests were performed in triplicate. Data analysis was carried out by using SPSS statistical package (version 17.0) (SPSS Inc., Chicago, Illinois, USA). Differences between test and control groups were analyzed by the t-test. In addition, *P*\<0.05 was considered statistically significant.

RESULTS
=======

GC-MS analysis of *N. sativa* essential oil
-------------------------------------------

The essential oil of *N. sativa* obtained by Soxhlet extraction was analyzed using GC/MS. [Table 1](#T1){ref-type="table"} shows the identified compounds and percentages obtained by GC/MS. The main components were thymoquinone (42.4%), *p*-cymene (14.1%), carvacrol (10.3%), longifolene (6.1%), and 4-terpineol (5.1%).

Effects on protoscolices
------------------------

Scolicidal effects of *N. sativa* essential oil at various concentrations following different exposure times are shown in [Table 2](#T2){ref-type="table"}. Results indicated that the essential oil of *N. sativa* at the concentration of 10 mg/ml after 10 min of exposure killed 100% protoscolices. Similarly, the mean mortality rate of protoscolices after 20 min of exposure to the concentration of 1 mg/ml was 100%. In contrast, the essential oil at the concentration of 0.1 mg/ml killed 8.3, 21.6, 32.3, 55.6, and 76.6%, and at the concentration of 0.01 mg/ml killed 4.6, 14.6, 23.3, 36.3, and 52.1% of the protoscolices after 5, 10, 20, 30, and 60 min of incubation, respectively. As shown in [Table 3](#T3){ref-type="table"}, thymoquinone demonstrated more potent scolicidal activity than the essential oil of *N. sativa* against protoscolices of *E. granulosus* (*P*\<0.05). The maximum protoscolicidal effect of thymoquinone was found at the concentration of 1 mg/ml, resulting in 100% mortality of protoscolices after 10 min of incubation. Similarly, all protoscolices were killed after 20 min of exposure to the concentration of 0.5 mg/ml of thymoquinone. Moreover, lower concentrations of thymoquinone provoked a delayed protoscolicidal effects, so that 7.3, 17.6, 35.6, 96.3, and 100% of the protoscolices were killed at the concentration of 0.25 mg/ml after 5, 10, 20, 30, and 60 min of applications, respectively ([Table 3](#T3){ref-type="table"}). It is of note that all the concentrations of *N. sativa* and thymoquinone indicated significant (*P*\<0.05) scolicidal effects compared to the control group.

DISCUSSION
==========

Since ancient times, plant-derived compounds and plant extracts have been used as a valuable natural resource of traditional remedies \[[@B9]\]. In the past decades, advent of synthetic antimicrobial drugs caused reluctance in plants as a rich resource for antimicrobial agents \[[@B30]\]. However, in recent years, emergence of some limitations in the use of these drugs caused changes in situation and interest in the field of ethnobotanical research \[[@B31]\]. Our findings in this study showed that the essential oil of *N. sativa* at the concentration of 10 mg/ml and its main component, thymoquinone, at the concentration of 1 mg/ml had potent scolicidal activities against protoscolices of hydatid cyst after 10 min exposure. These findings were comparable with the scolicidal activity of 20% hypertonic saline (15 min), 20% silver nitrate (20 min), 0.5-1% cetrimide (10 min), H~2~O~2~ 3% (15 min), and 95% ethyl alcohol (15 min). However, an ideal scolicidal agent is defined by its potency at lower concentrations, high efficacy in a shorter time of exposure, stability in the presence of cystic fluid, scolicidal ability inside a cyst, lower toxicity, higher availability, and ability to be prepared rapidly \[[@B32]\]. In line with our results, several studies have revealed antimicrobial activities of essential oil and various extracts of *N. sativa* \[[@B13],[@B14],[@B15],[@B16],[@B33],[@B34],[@B35]\].

In the present study, we found that the main compound of the *N. sativa* essential oil was thymoquinone (42.4%), when analyzed by GC/MS. Similarly, Ali and Blunden \[[@B10]\] indicated that the most biological activity of *N. sativa* seeds is due to thymoquinone. Thus, high scolicidal activity of *N. sativa* essential oil could be due to having a higher content of thymoquinone. Since accurate mechanisms of antimicrobial effects of thymoquinone are not clear, further studies are needed to illuminate these mechanisms. However, it has been shown that *N. sativa* oil can inhibit DNA synthesis by inhibiting histone deacetylase (HDAC) enzyme interacting with the chromosomes \[[@B36]\]. In the case of cytotoxic effects of *N. sativa* and thymoquinone, El Daly et al. \[[@B37]\] reported that administration of *N. sativa* can reduce the toxic side effects of cisplatin (a widely used chemotherapeutic drug) in rats, including nephrotoxicity. Mahmoud et al. \[[@B38]\] also showed that thymoquinone has significant cytoprotective properties. Moreover, it has previously been proven that thymoquinone administrated in the drinking water to mice at the concentrations of 0.01, 0.02, and 0.03% for 90 days had no resulting mortality and no signs of toxicity \[[@B39]\]. Therefore, we can suggest that *N. sativa* and its constituents appear to have a low level of toxicity and could be considered safe in used concentrations for hydatid cyst surgery.

To conclude, the results of this study indicated high scolicidal activity of *N. sativa* essential oil and particularly thymoquinone against protoscolices of hydatid cyst that revealed the potential of *N. sativa* as a natural source for production of a new scolicidal agent for use in hydatid cyst surgery. However, further studies will be needed to confirm these results by checking the essential oil and its active component in an in vivo model.
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